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* Lecture I:

= Measuring a cross section
 focus on acceptance

* Lecture ll:

= Searching for a new particle
* focus on backgrounds

* Lecture lll:
= Measuring a property of a known particle



Search for New Particles:

Experimentall
{ Number of observed Background: J

Measured from data/
calculated from theory

events: counted

Nobs'NBG

ONp =
JLdt - €
{ Cross section o
Efficiency:
optimized by
Luminosity: experimentalist

{ Determined by accelerator,
trigger prescale, ...

* Exactly like with measuring the cross section...



But we need to observe first!

°* When we don’t know if a particle exists our first
question is: “Does it exist?”

* => gignificance of signal

= |.e. how consistent is the number of observed events with
the number of background events?  Gaussian it

= Background expectation: Ngg _—
- Expect it to fluctuate statistically by SNgg ~ VNgg

= Signal expectation: NSignal

= Statistical Significance: Ngjgna/0Ngg ~ Neigna / YNgg
-_Often called S/VB

evidence observation
significance 30 50
Probability of stat. fluctuation 0.3% 5.7x103

In real life: systematic uncertainties also contribute to ONgg



Search analyses

* Primary focus is background estimate
= Determines whether or not an observation can be made

= Cuts for background reduction studied often using
benchmark New Physics scenario
* Also model-independent analyses attempted sometimes

* Secondary focus is acceptance/efficiency
determination: required only

= when putting an upper limit on a cross section

= when measuring the cross section of the observed new
particle
* Need to know what it is though
* Or quote cross section for some effective cuts



Example Analyses

* SUSY:

= Squarks/gluinos — jets +,ZT (+leptons)

* Higgs:
= Higgs -> WW



Backgrounds

* |deally you get the backgrounds to be small

= The smaller they are the less well you need to
know them

* Estimates based on
= Data only
- E.g. lepton fake rates

= Monte Carlo only
* For well known electroweak processes

= Monte Carlo / Data hybrid
* For e.g. W/Z+jets or W/Z+b-jets



Squarks/Gluinos —

Jets + MEt (+ leptons)




SUSY at the LHC

* Cross section much higher than at Tevatron, e.g.

= for m(g)=400 GeV: OL1c(99) Orevatron(99)=20,000
= for m(a)=400 GeV: O-LHC(aa)/ 0-Tevatron((f:\IJCT)z'I ,OOO

 Since there are a lot more gluons at the LHC (lower x)
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* At higher masses more phase space to Hecay In

cascades
= Results in additional leptons or jets



SUSY at the LHC

* Example: m(q)~600 GeV, m(g)~700 GeV N\ .
* Require 4 jets, large missing E; and 0 or 1 lepton

jet

i 0 leptons - 1 lepton
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* “Effective Mass™ = sum of p; of all objects
* Similar and great (!) sensitivity in both modes
° Main backgrounds: top, W/Z+jets, QCD muilti-jet

But how do we know the backgrounds!?! .



Instrumental Backgrounds

from Avi Yagil
> _ S o - b 29
3 | After selection of “good runs ‘
210} .
2 f — 1 | After requirement of
> | | | vertex in tracker
z 10"}/ )
After “clean-up” cuts:
— - event EM fraction > 0.1
3
10} - event charge fraction > 0.1
- =1 jet with E;>10 GeV
1 09 = Etotal < \/S

S I I S TN T N TR S S S Wy et 1" | I R R O =
0 100 200 300 400 500
Missing E (GeV)

* Missing E; distribution subject to many experimental
effects

= “If anything goes wrong it will affect missing E+”
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Sources of Instrumental Background

* Calorimeter Noise
= Hot cells / coherent noise
» Usually localized and can be rejected

* Calorimeter dead regions

= Should only happen rarely in some runs
« Should be removed by DQ criteria
* Cosmic rays and beam halo muons showering hard
In calorimeter

= Usually have no vertex but can overlap with MinBias event
» Then have small tracking activity compared to calorimeter activity

= Shower often only in hadronic calorimeter

°* Example handles:

= Track/calorimeter matches

= |s direction of missing energy uniform? 2



Beam-Halo Muon Background

WEST A EAST
WHA
................. halo—muon
N -
= halo—muon CEM
calorimeter NS fI'OIIl CDF
(S.M.Wang)

Intermediate Muon PHA PEM
Svstem -
Missing Et Phi
* Muon that comes from beam and goes through s T

shielding
* (Can cause showers in calorimeters N |

= Shower usua”y looks not very much like physics 9 ST | PR
jet

 Often spike at certain azimuthal angles: «
= But there is lots of those muons!
= Can even cause problem for trigger rate




Some Cosmics and Beam-halo events
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* Bigger problem for mono-jet
than for multi-jet searches
* Can use
= topological filters to reject
events

= Track matching
calorimeter cluster
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Instrumental Background:

Studies with Cosmics

* Can learn a lot from cosmic ray data taking
= ATLAS and CMS took cosmics for several weeks of running

Developing cuts against cosmic

2008 data: noise in random trigger Ray background
g s ‘.‘e 105 E T T T T | T T T T | T T T T 1 T T T T T 3
g Ra ATLAS 2008 Preliminary, Random Trigger Events g & ) L. 3
s . | Cals, [E>2s - ni ATLAS Cosmic 2008 Preliminary
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< - tea, Topoclusters 4/2/0 £ i Cosmic Single Muon MC ]
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Noise in presampler:

Fixed in 2009 Amazing how well these properties
are modeled by the cosmics simulation
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Physics Backgrounds

* QCD multi-jet (mosty for 0-lepton case)
= Missing E; due to
* Poor jet resolution / cracks in calorimeters
* Neutrino momentum in semi-leptonic b/c- decays

* W/Z+jets
= Missing E; due to v's from Z—vv, W—lv
* Top
= Missing E; due to v's from tt—=WbWb — Iv +X

How do we estimate them?
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QCD Multi-jet

o ' Background-like:  Signal-like:
ReqUIre Iarge A(I) A¢(Jetg, ETmi55)~0 A¢(Jet, ETmiSS)>>O

= Between missing E; and
jets and between jets

= Suppresses QCD dijet )

background due to jet
s
mismeasurements
o e T ~ ARARRAREE. " [ CDF Run Il Preliminary
° 3 -'-"fﬁ-gi* ! b l B ~Dala (L - 371 pt™h
= = i = ©  Pre-Selection Cuts Onl iy
— 2.5 (ke S = S Y ~Nen-QCD Backar
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W=~ (rad) A (E .2nd jet) [rad]

»Jrl1_¢MH| (rad)
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Methods to estimate remaining QCD

et Background

1. CDF uses MC _— TR PEE S
Validate in region of low Adand TE o ¢
low MET T o ey
« Extrapolate to large using MC g0
«  Problem: 5 1oL
* Relies on full MC simulation N 1_ e
which can take “forever” o —1
2. Parameterize truth jets with e, Zoyy 0 0w
response function from full
simulation Sl arias 2wt
+ Validate against full simulation % F e
- Validate in region of lower MET ¢ oot
- Advantage: L
« Do not need to simulate as
many events ok Hip ]
* Need to make sure though that @[w Gz e L
parameterization is really ka0l

working



Using Z(—11)+jets for estimating

A . b4 4
* Use Z(—ll)+jets to extrapolate to Z(—vv)+jets
* ME;~p(4)

Br(Z — vV)

Nz (BF™) =Nz (pr (€0)) x exin(pr(Z) x raa(Pr ) X gty

Z-candle normalization, E?'“>200 GeV

/( derived Z%VV]

200 300 400 500 600 700 '866; "0 1000
ET™° (GeV) 19



W+jets background estimate

* Use Z->Il +jets also for this background too

= Rely on theoretical prediction for W+jets vs Z+jets
 This is well known though (<15%)!

14 - T — T ™ T ™ T
— s CTEQ5M, p’= 90 GeV ]
B \N_/ — CTEQSM, '= M, +P_(V)’
bl b B2~ =~"="====~-=-—=------§ S~ CTEQSM, I=<P 5~~~ 7
S
(Tt
-
@)
. v—
—
Q
.« v—
> S 1
L __ 49, (W(>ew+ljeo/dp™
8—4 . do,  (Z(=ete-) L-jety/dp,™ MCFM
— (Campbell, Ellis, et al.)
0 50 100 150 200

P ™" (GeV) 20



Top and W+jets

background estimate

* Use region of low m(W)
= Extrapolate to signal region using MC

= But may be contaminated by SUSY => overestimate BG
» depending on specifics of model

>103§LIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_LE > - T L L L
CI: ] o U2 1 S = - E
O s 0 suz 1 Q10°¢ L truth BG 3
N F 4 v truth BG+SUSY 1
~~— —_— ~ - - —
B 1L P B o~ Otruth SUSY i
= mmg AW 3 g % o~ ® est. BG (old MT)
; -0y~ 7 i ~ 105_ _§
g 10' -0-_0_-0-'0' * Diboson % - :
E g oo E i ATLAS |
O peoto e imsz @[ _
g | 1 g s E
e b oE
1, 4 L pol=

— R —— e —— p— 107 &=
0 50 100 150 200 250 300 350 400 450 500 0700 200 300 400 500 600 700' 800 900 1000
Transverse Mass [GeV] Missing E_[GeV]
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Top and W+jets

background estimate

* Use region of low m(W)
= Extrapolate to signal region using MC

= But may be contaminated by SUSY => overestimate
» depending on specifics of model

= Can attempt “SUSY background subtraction” to correct for it

> 103 ELIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_L=
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W+ijets, Z+jets and Top background

- —e— Data({L=14f"
* Checks at Tevatron O-lepton il QGD + non GED Bky
analyS|S E non-GQCD Bkg.
» Background sources: gk et

- W/Z+jets, top & [

- Suppressed by vetoes: ‘%’ 10 EM fraction >90%
= Events with jet with EM e
fraction>90% 1
» Rejects electrons -

= Events with isolated track 0= N ] -

1 1 1 1 1 I 1 1 1 1 1 1 1 L L L L
» Rejects muons, taus and 50 100 150 200 250 300 350 400
) Missing E, [GeV]

electrons
= Define control regions: N3 (B) CDF Run Il Preliminary
- W/Z+jets, top N IR
107 = QG0 +non QCD Bkg.
= Make all selection cuts but invert g
C non-QCD Bko.
lepton vetoes > 0
. \ . 2L Total Syat. Uncertain
 Gives confidence in those G17E L ’ Y
. = = {Electron+Muon enhanced sample)
background estimates S
. = 10 .
» Modeled using Alpgen MC S 2 +- f | >1 isolated track
= Cross sections determined using @ |
NLO calculation e
* May not work at LHC due to ol
expectation of large cascade %5 e gy o0 mo. S0 B3 a0

decays Missing E; [GeV]



Final Analysis Plots at the Tevatron

jet jet
IO YR
jet jet Jet

> -1 > -1
D 10° & b D@, L=2.1 fb 3 c DO, L=2.1 fb
(O] 16 - (®) * Data 8 10 (€) * Data
o B = SM Background | o [ SM Background
N o2 s I:I Fitted QCD Q 102 L_]Fitted QCD
ﬂ E o £ |1 1 0 e - SUSY
: | el
2 10 <I=)
= >
L L

b
o
IIII| I [IIIIII| T IIIIIII| T IIIIIII| I IIIIII[]

10" = E 10"
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Data agree with background estimate => derive limits ‘ 9




Cross Section Limits

a |

) 04g | I L UL B 2
S 3 m.=m,, A =0, tan(B)=3, u<0 101 —e— NLO: PROSPINO CTEQ6.1M
E‘ 0.3 3 NLO cross section s F syst. uncert. (PDF @ Ren.)
o) —— Observed I_|m_|t ..3 - —— observed limit 95% C.L.
'-3 0.2 -4~ Expected limit o | --4-- expected limit 95% C.L.
8 'R
o e
7] = F
O 0.1 O r
|
o L

. L=0.96fb" 10"

— D@ Preliminary =

PR DR PR S B N B B

320 340 360 380 400 420 440 | M =480 Gev/c®
Squark-Gluino Mass (GeV) e | | |

1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1
200 250 300 350 00
M§ [GeVic

°* No excess in data
= Evaluate upper limit on cross section
= Find out where it crosses with theory

* Theory has large uncertainty: ~30%

= Crossing point with theory lower bound ~ represents limit

on squark/gluino mass
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Squark and Gluino Mass Lmuts

* Set constraints on
masses at EWK scale:
= M(9)>308 GeV
M(q)>379 GeV

* Can also represented in
terms of GUT scale
parameters

= Within constrained
models

600
9 -

gsoo}
@ -
& 400
= [B
x 300
‘“ -
c.zoo—

31\ LEP2 T*

no mMSUGRA Y
solution NS

DO, L= —21fb! b
tanB_3 A =0, H<0

UA2
o W

OLETT

100 200 300 400 500 600
Gluino Mass (GeV)

< 250:

~ 150
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100;

G 2000 \

D@, L=2.1 fb™
tanp=3, A0=0’ u<0
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LHC SUSY Discovery Reach

100

: LSP tanp = 10, Ao =0,u>0 CMS

no systematics
m, =120 GeV. 1fb?

———  jet+MET
—— — u+jet+MET]
— - SS2n
-=-—-- 082l
2z
=== Higgs

P A T N A T A O O B O T T O O O | | B A |
200 400 600 800 1000 1200 1400 1600 1800 2000

0

m, (GeV)

With 1 fb:

Sensitive to m(g)<1000 GeV/c2

With 10 fb:

Am

Sensitive to m(E)<1 800 GeV/c?
azing potential!

If data can be understood
If current MC predictions are =ok

L, (GeV)

1“0 IIIIIIIIIIIIIIIIIIIII

[Ldt=10m"
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Tevatron

T TP e PP P PP T e PTPT T TP PT PE PRy M, =175 GeV

o(pb)

L T T T
a(pp—H+X) [pb]
Ns =2 TeV

CTEQ4M

g g fusion

g ! HO

a1

tTfusion

G (pb)

Higgs Production: Tevatron and LHC

102}

10 f

107"
102§
103k

1074 [

W, Z bremsstrahlung

dominant: gg— H, subdominant: HW, HZ, Hqq

Vs =14 TeV
m, = 175 GeV

events for 105 pb™

WW, ZZ fusion



Higgs Boson Decay

] T o By
- .-, | \ T
) YA
y -
.

* Depends on Mass

° M, <130 GeV/c?: ! T 22
= bb dominant Crdi A
= WW and tt subdominant
= vy small but useful

°* M,>130 GeV/c?: |-
= WW dominant 0-001:'_'
= Z/Z cleanest

oorp FE\ BR(H) -

1 |
100 130 160 200 300 500 700 1000
My [GeV]

0.0001
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H — WW) — 11yy

* Higgs mass reconstruction impossible

due to two neutrinos in final state
* Make use of spin correlations to
suppress WW background:
 Higgs is scalar: spin=0

* leptons in H = WW®) — [*|-vv are @

collinear

* Main background:
* WW production

1

Normalized to

e
—
N

o
—h

o
o
@

|

o
o
)

0.04-

e "

— u*

W 3 A

@ \
4
\
- ATLAS prel. —Signal

—QCD WW
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HWWO)I'Tvy (1=e,u)

Event selection:

= 2isolated e/u :

* pr> 15,10 GeV
= Missing E;>20 GeV
= Veto on

- Z resonance

* Energetic jets

Main backgrounds
= SM WW production
= Top

—*— data

w— H, g &> WWX 10

160

Z—>ee

Diboson

W-jets/y

QCD

ttbar

= Drell-Yan
= Fake leptons

Plot everything under the sun
= to convince yourself you have the
background right
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Jets faking Electrons

Jets can pass electron ID cuts,

= Mostly due to

 early showering charged pions
« Conversions:i?—yy—ee+X

« Semileptonic b-decays
= Difficult to model in MC
- Hard fragmentation

* Detailed simulation of calorimeter and

tracking volume

Measured in inclusive jet data at

various E; thresholds

= Prompt electron content negligible:
N;e~10 billion at 50 GeV!

= Fake rate per jet:

CDF ATLAS
Loose cuts | 5x104 | 5x10-3
Tight cuts | 1x104 | 1x10°

= Typical uncertainties 50%

-
=4

10

Number of Jets

_[ L=1.04 fb"

Jet20 (prescale=776.8)
Jet50 (prescale=33.6)
Jet70 (prescale=8)

Jet100 (prescale=1)

10*
10°
2 :\
1100 0.1<|Y|<0.7 =
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- L 1 I L 1 1 L I 1 - L I 1 Ll 1 | 1 1 1 1 I 1 1 1 L I L L L L
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§ 0.16 F A Jet E;>20 GeV ]
O Fo14 _ o Jet E>50 GeV L
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M £ 04F © JetE>100Gev ‘ ]
e C ]
B8 C
‘CM:: E 0.06 -
s Soo0af
0.02 —
0 5 10 15 20 25 30

ES (GeV)




Plot Everything Under the Sun..

CDF Run Il Preliminary jL=2.41b" .
— CDF Run Il Preliminary j L=241b"
L HWW ME+NN All S/B
B HWW [ HWW ME+NN All $/B
140— Wijets 50 B I HwWwW
C - Wijets
120 -
C 40—
100 — C
80— 30
60— B
C 20—
a0 C
20— 10—
ol ' r
D 20 40 60 80 100 120 140 0
Met 0 160 180 200
dimass
. . - -1
_CDF Run Il Preliminary jL'ZAfb CDF Run Il Preliminary jL:zAfb“
70 :_wa MENN ﬁnﬁ(/va L HWW ME+NN All /B
C Wejets 80 mHWW
C = Wijets
60— 701 + Wz
50 60
a0l 50
E 40 =
30 E
. 30
20 — C
F 20—
10 =
E 101
DE * PSS NTTT [T T H H AN R S W | 1 | l
. i 1 D I " A L 1 1 L 1 1 1 1 1 1 1
0.5 1 1.5 2 25 3 D 0.5 1 1.5 2 25 3

MetDelPhi dPhiLeptons

* Validates the background prediction
= Very often these plots “don’t work” since there is some problem

= Now plug all into sophisticated techniques! 34



Mg = 160 G'O-\"'r/(f2 , CDF Run Il Preliminary [L=3sm’
tt 1.35 £ 0.21 &' Fosodets, HighsB =
DY R0 + 18 %102:MH=160 GeV/c? i
WwW 318 £ 35 § - .
WZ 14 + 1.9 w 10 L
77 20.7 + 2.8 e,

W+ jets 113 £ 27 15] .-_‘Li.-__—__ ._.::_-g-'-"ﬁ h

W~ 92 + 25 . C I L

Total Background 637 + 67 10 3 il

g9 — H 95 &+ 14 102

Total Signal 95 + 1.4 =P PN NN NN ) PN BN P o e et
-1 -08 -06 -04 -0.2 0 0.2 0.4 06 0.8 1

Data 654 NN Output

® Data agree well with background hypothesis
= S/B ~0.3 at high NN values
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95% CL Limit/SM

Higgs Cross Section Limit

Tevatron Run Il Preliminary, L=0.9-4.2 fb™

=pums éxpecteéi
._-.01bserved G
-toExpected
-----12c Expected *

—h
o
L I

100 110 120 130 140 150 160 170 180 190 200
H(GeV/c)

* 160 <m, < 170 GeV excluded at 95% C.L.

Note that the limit is ~10 better than expected

« For my=120 GeV: o, ogy = 2.8
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Early Higgs Signals at LHC

a

Events per 2 GeV

H—-WW?#* (m,;=170 GeV)

ATLAS
035' MR L ) BALL Ll LA L | b = = ERCEY
E + Signal ' -E M .._ 0 B g WW
o S g g |Ew
DY LY R @ —

02_ S W= |§ m,=170 GeV/c?
: [ M. D. etal.
o i LO prton e
LT =
o bl v : _IE
N I— ; | | i i

C o aml e
Bl e
1640 20 56 46" 50 56" 50 86-66"00

Inv. Mass (GeV)

LHC has about 4 times better
signal / background than Tevatron
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Luminosity [fb_1]

LHC SM Higgs Discovery Potential

significance
.10 T . : : .
e ATLAS |
Py -l
2 Preliminary
[]
£ 8
E
-7 18
6 17
6

120 140 160 180 200 220 240 260 280 300
m, [GeV]

Combined Exclusion CL

IS

w
[
T

w
T

251

0.99

10.95

10.85

0
110 115 120 125 130 135 140
my, [GeV]

0.75

0.65

0.55

. qqH, H=WW-=hvjj

¢ qqH, H—=ZZ-llvv

¥  H-WWYWW-llvy, NLO

. H—ZZ*/ZZ—4 leptons, NLO

-
o
N

5.5 discovery luminosity (fb™)
>

......

qqH, H—=yy, Tt

o H-yyinclusive, NLO

*  ttH, WH, H—bb

Combined channels
| | | |

500

| |
100 200 800

m,(GeV/c?)

50 discovery over full mass range
with ~20 fb-

= Most challenging at low mass

95% exclusion over full mass
range with ~4 fb-"
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* Background estimate most crucial aspect for
searches

* LHC has an amazing discovery potential
= Supersymmetry already with ~100 pb-’

 Also other high mass particles, e.g.
- 7', Extra Dimensions, 4" generation quarks, ...

= Higgs boson: 1-10 fb""

* Let's hope that many exciting things will be
found!!!
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Some Remarks on Advanced

Analysis Techniques

* Quite a few techniques available:

= Neural Network, Likelihood, Boosted
Decision Tree, Matrix Element, ...
= No clear winner has yet been identified
* Some are more transparent than others

°* Why do we trust them less than simple analyses?

= Simple kinematic quantities can be calculated at NLO by theorists while
e.g. NN distribution cannot
» Gives confidence, good cross-check!
= Techniques exploit correlations between variables
« Harder to understand if the MC models correlations correctly
» More validation needed (=> analysis takes longer)
= Less transparent
« Worry is always that it exploits some MC feature that does not reflect the
data

° Can and has been done of course though

= But only in mature experiments 0



